Abstract. While the novel robotic hippotherapy system has gradually gained clinical application for therapeutic intervention on postural and locomotor control in individuals with neurological or musculoskeletal impairments, the system's validity and reliability for the robotic hippotherapy system has not been well established. The objective of the current study was to investigate the validity and test-retest reliability of the robotic hippotherapy system by comparing with real horse movements. The 3-axis accelerometer sensors attached on the robotic and real horse saddles were used to collect 3-dimensional acceleration data at a preferred walking velocity. Linear regression analysis showed an excellent correlation in the time-topeak acceleration (TPA) (R 2 =0.997), but little correlation in X-axis acceleration between the real and robotic horses (R 2 =0.177), thus confirming consistent time control and a certain degree of variability between the robotic and real horse movements. The mean resultant accelerations for a real horse and robotic horse were 3.22 m/s 2 and 0.67 m/s 2 , respectively, accounting for almost five times greater acceleration in the real horse than the robotic horse.
Introduction
Hippotherapy has gained clinical acceptance for improving postural stability, reaching and locomotor performance, and is a promising alternative rehabilitation technique for adults and children with neurological impairments [1] [2] [3] [4] [5] [6] . Clinical hippotherapy studies have demonstrated significant improvements in static balance and dynamic reaching function after 12 weeks of hippotherapy in children with cerebral palsy (CP) [7, 8] . Moreover, hippotherapy is beneficial for postural stability and locomotion in adults with hemiparetic stroke [9, 10] . Hence, robotic hippotherapy has recently been integrated into conventional neurorehabilitation as an alternative choice for hippotherapy in a clinical environment or in centers where real horses are not readily accessible or affordable. This increase in utilization of robotic horses may have partly resulted from inherently limited accessibility, weatherdependence, and cost in the real horse hippotherapy programs [11] . The development process of horseback riding simulators have been discussed in great details from kinematic motion analysis to potential application in the literature. Both studies provide useful information about the development process of a legged multiple (6-) degrees of freedom horseback riding simulator for a safe and correct training of a novice rider [12, 13] . Nevertheless, there is a dearth of studies about the robotic horse system which specialized in diagnosis and neurorehabilitation of children with CP.
Albeit devoid of ecologically natural interactions with a real horse, robotic hippotherapy has superior advantages including performing the therapy on a regular basis, no apparent spatiotemporal constraints, and weather independence [14] . The present robotic hippotherapy system (FORTIS-102, Daewon Fortis, HaNam, Kyungi, South Korea) is designed to facilitate stretching, rhythmic trunk rotations, core stabilization, strength, endurance, and cardiopulmonary function via the sensorimotor system (vestibular, proprioceptive) in children with moderate to severe CP. However, the robotic hippotherapy system's reliability and validity have yet to be determined for clinical application. Therefore, the present study compares movement of the robotic horse and several real horses by comparing acceleration kinematics between robotic and real-horses' walking movement patterns.
Materials and methods

Materials
The robotic hippotherapy system's (FORTIS-102, Daewon Fortis, HaNam, Kyungi, South Korea) preprogrammed anthropometric and spatiotemporal data are presented in Table 1 . The system is primarily composed of three actuators (sliding assembly, elevating assembly, driving assembly), three high torque standard servo motors with dual ball bearings, and a saddle support, suspension frame and belt to provide safe and precise lumbopelvic motor control for locomotion. As illustrated in Figure 1 , the system has special features: 2 degrees of freedom, adjustable speed and pattern (e.g., walking, trotting, and galloping) control, and a suspension chest belt and harness for safe and upright postural control.
This system is engineered to simulate real horse movements including a walk (6 km/h) and trot (15 km/h). The exercise modes include 100 different 2-dimensional movement patterns and cycles. Some of the exercise modes approximate sagittal plane movements of a horse at various gaits and cadences, but still lack lateral movement. Thus the robotic horse provides rhythmic movement in only two of the three dimensions provided by real horses. The robotic horse also does not move through space, so it also does not provide the constantly changing visual flow and additional challenge to postural control that is afforded by a real horse when it changes direction while moving forward.
To determine which rhythmic movement patterns would be used for comparative analysis, three experienced horse riders rode the robotic horse and provided their subjective impressions of the movement patterns and speed settings which most closely approximated real horse movement at the walk. Based upon their impressions one pattern was selected for comparison to the walk of real horses for this investigation. 
Instrumentation
The two 3-axis accelerometer comprising three -5 to +5 g accelerometers (Range: ±49 m/s 2 (±5 g); Frequency Response: 0-100 Hz; Resolution: 0.037 m/s²) were used collect acceleration data (X-axis, Anterioposterior; Y-axis, Mediolateral; Z-axis, Vertical) because it is portable, accurate, and has less motion artifact associated with horse movement unlike the conventional motion analysis system such as Vicon which is stationary and not readily accessible for the horses or in most stables. Interface (LabPro, Vernier Software & Technology, Oregon, USA) was used to connect with the accelerometer sensors and software (Logger Pro3, Vernier Software & Technology, Oregon, USA) was used to compute the 3-axis acceleration and graphically display it on the monitor.
Experimental procedure
Data acquisition
The real horse acceleration and walking speeds were determined using the 3-axis accelerometer sensors mounted on a saddle. The acceleration data were collected from seven medium size real horses at their preferred gait speed in a barn (approximately 100 x 70 m). The digital motion sensors were connected to LabPro and the digital ports (DIG/SONIC), located on the same side as the serial and USB computer connections, were connected the laptop computer. Once average horse movement and speed were established, the estimated walking speed was programmed into the robotic horse system (i.e., movement pattern #42, speed mode: 52) to resemble that of a real horse. Acceleration data were acquired at a sampling rate of 50Hz over a 30 second period for both real and robotic horses.
Data analysis
The collected data were exported and stored as CSV file for further statistical analysis. The Logger Pro software was used to compute X, Y, and Z-acceleration and resultant acceleration, which was
‫ݑ‬ where ‫ݒ‬ሺ‫ݐ‬ሻ represents the changing speed, ‫ݑ‬ ௧ represents the changing direction, ‫ݑ‬ is the unit (outward) normal vector, and R is its instantaneous radius. Among the total acceleration movement data aquired for 30 seconds (1500 data points), the most consistent and representative X-axis acceleration data points obtained for 5 seconds of movement (N=251) was used for correlation analysis across all of the horses and the robohorse. Then, the correlation matrix was computed as two variables (each real horse vs. robotic horse; or between real horses) were compared.
Statistical analysis
Quantitative kinematic analysis has commonly utilized acceleration and time-to-peak acceleration (TPA) to evaluate movement patterns in human and animal models because it provides accurate information about spatiotemporal parameters [15] . Linear regression analysis was computed to determine the validity and test-retest reliability of the robotic horse and real horses's acceleration data and resultant acceleration data collected. Additionally, TPA analysis was compared to determine potential similarities in time factor between the real and robotic horses. Significance was set at p<0.05. We used SPSS version 20.0 for Windows (SPSS, Chicago, IL, USA).
Results
Comparison of the robotic horse to real horses
To determine the validity of the robotic horse, first the TPA analysis with resultant acceleration data was compared between the seven real and robotic horses. Mean X-axis acceleration data was also compared. Linear regression analysis showed an excellent correlation in the TPA (R 2 =0.997) ( Figure  2 ), but little correlation in X-axis acceleration between the real and robotic horses (R 2 =0.177), thus confirming consistent time control and a certain degree of variability between the robotic and real horse movements.
Further movement analysis showed that the mean resultant accelerations for a real horse and robotic horse were 3.22 m/s 2 and 0.67 m/s 2 , respectively, accounting for approximately 4.8 times greater acceleration in the real horse than in the robotic horse. A high degree of variability was observed among the seven real horses in Table 2 .
Test-retest reliability of the robotic and real horse movements
To determine the test-retest reliability of the robotic and real horse movements, we consistently computed mean X-axis acceleration data obtained from both the robotic horse and seven real horses.
A separate linear regression analysis showed good to excellent test-retest reliability for both robotic (R 2 =0.976) and real horse (R 2 =0.865) movements, indicating that the robotic and real horse acceleration movement patterns were consistent. However, the movement of the robotic horse tended to be more consistent than real horse movement (Table 3) . 
Discussion
The present study provides the first empirical results comparing different robotic and real horse movement patterns using 3-axis accelerometer sensors and demonstrates relatively higher test-retest reliability (R 2 =0.976) and excellent validity (R 2 =0.997) in the TPA of the resultant acceleration, but poor validity (R 2 =0.177) when comparing the X-acceleration movement data between the robotic and real horses. Our novel findings suggest that both robotic and real horse movement patterns are repeatable and valid in the time factor, yet the movement patterns between the robotic and real horses are dissimilar. Such dissimilarity may result from various movement speed and pattern parameters and modifications (e.g., 100 levels) that are built into the robotic horse system [13] . Although a therapist can modify the settings to produce limited random or variable practice within a movement pattern from one mode to other modes in the robotic hippotherapy, the real horse movement is inherently variable, while there is gross similarity between strides and variations among a set of strides as indicated in the correlation data.
Most importantly, these variable features are invaluable for clinicians in designing hippotherapy interventions to enhance the postural and locomotor control required for functional daily activities in children with CP. In a recent robotic study, motor learning was most effective when random or variable perturbing external forces were introduced during locomotor task training [16] . In another study, training with a noise perturbation approach improved tracking performance compared to unassisted training or error-amplification training [17] . Conversely, a randomized clinical trial with incomplete spinal cord injury patients demonstrated that robotic-assisted gait training focused on a passive guidance concept showed minimal improvement in gait velocity following 12 weeks of locomotor training. A possible reason why the robotic passive guidance strategy showed marginal clinical benefits is that correctly-guided kinematic gait feedback provided during the training may deprive the motor learning opportunity, which is acquired by the trial and error paradigm during the cognitive motor learning stage [18] .
Intensive repetitive, rhythmic movement is a hallmark of horse movement, like human locomotion. An average horse cadence is reported to be 100 steps per minute at a preferred or medium walking speed, which can serve as a therapeutic challenge for postural stability, since the client needs to adaptively re-stabilize his or her perturbed equilibrium repeatedly [19] . If each hippotherapy session lasts 45 minutes, as many as 3000-5000 repetitions of postural control challenge are presented, which surpasses the number of repetitions that are typically offered in conventional protocols for neurorehabilitation [20] . In this context, the work of Lang and her colleagues might suggest that innovative robotic movement therapy, such as robotic hippotherapy, can amplify the number of repetitions and increase motivation to accomplish those repetitions. Our recent preliminary study showed that robotic hippotherapy could provide rhythmic 2-dimensional postural control and lumbopelvic core stabilization exercise with a large number of repetitions (3000-5000 per each session) [13] . Certainly, this dosage far exceeds both conventional neurorehabilitation (occupational therapy/physical therapy) and the minimum requirements for neuroplasticity and motor recovery to occur.
Undoubtedly, the legged robotic horse system with a 6-dgree of freedom (DOF), which mimics a real horse movement as described in details is useful for training novice 'healthy' riders or non-brain injury populations [12, 13] . However, a greater acceleration movement associated with multiple DOFs in the legged robotic horse or a real horse may pose a great challenge for children with moderate or severe CP. In a real hippotherapy situation, 2 sidewalkers including a therapist usually work together for a safe intervention of children with mild CP. In fact, the present study found that the mean resultant accelerations for a real horse and robotic horse were 3.22 m/s 2 and 0.67 m/s 2 , respectively, accounting for approximately 5 times greater acceleration in the real horse than the robotic one. In addition, the option to start low and adjust the movement of the robotic horse below that which is afforded by even the most mildly moving real horse may allow a therapist to accommodate patients with very limited postural control, and then build up the challenge in fine increments as they progress in their strength and coordination.
Conclusion
The present study demonstrates that the robotic hippotherapy system can provide consistently variable movement patterns that vary from hippotherapy using real horses. Nevertheless, further development and research are warranted to validate the system's safety and therapeutic efficacy in neurological populations with postural instability.
